**Research Highlights**

(1)With prolonged denervation time, rats with simple motor nerve injury, sensory nerve injury or mixed nerve injury exhibited abnormal behavior, reduced gastrocnemius muscle wet weight, decreased muscle cell diameter and cross-sectional area, ultrastructural changes, as well as diminished cross-sectional area and increased acetylcholinesterase content of the motor end plate of the left gastrocnemius muscle.(2)At the same time point, the pathological changes were most severe in the mixed nerve injury group, and mildest in the simple sensory nerve injury group.

INTRODUCTION {#sec1-1}
============

The peripheral nerves interact with dominant skeletal muscles. The cell signaling link between these two cell types is abnormal after peripheral nerve injury\[[@ref1]\], which is accompanied by changes in skeletal muscle metabolism, protein decomposition and stress reactions\[[@ref2][@ref3][@ref4][@ref5]\], activation of apoptosis\[[@ref6][@ref7][@ref8]\], evidence of apoptosis\[[@ref9]\], and ultimately amyotrophy. The changes in muscle tissues that occur in a short period of time after denervation are reversible, but nerve regeneration is very slow and a long time is required for regenerative axons to reach target organs (skeletal muscles). A long period of denervation results in irreversible severe amyotrophy\[[@ref10]\]. Prevention and treatment of denervation-induced skeletal muscle atrophy is attracting increased attention\[[@ref11][@ref12][@ref13][@ref14][@ref15]\], but methods for simulating denervation are limited; they include dissection, ligation, clamping, traction or freezing of the brachial plexus nerve, the sciatic nerve or its branches. Although skeletal muscle atrophy after denervation has been simulated, pathological changes and manifestations after simple motor nerve or sensory nerve injury have not been fully investigated. The present study selectively dissected the ventral root, the dorsal root or the sciatic nerve to establish nerve injury models in rats, and further observed the influence of simple motor nerve or/and simple sensory nerve injury on the morphology of the rat gastrocnemius muscle.

RESULTS {#sec1-2}
=======

Quantitative analysis of experimental animals {#sec2-1}
---------------------------------------------

A total of 54 Sprague-Dawley rats were equally and randomly assigned to ventral root transection, dorsal root transection, and sciatic nerve transection groups. Four rats died due to anesthetic accident, intraoperative bleeding and postoperative infection, with a total death rate of 7.41%. Fifty-four rats were included in the final analysis following supplementation. The rats were housed separately after surgery and six were randomly selected from each group at 2, 4 and 10 weeks post injury.

Rat behavioral changes following motor nerve or/and sensory nerve injury {#sec2-2}
------------------------------------------------------------------------

In the ventral root transection group, the left hind limb was unable to move, and the rat exhibited lameness. As time progressed, muscle atrophy worsened: at 10 weeks, the atrophy was moderate. From the fourth week onward, foot ulcers gradually increased, accompanied by autotomy. The rats vocalized in response to pricking with a needle, but did not dodge. In the dorsal root transection group, the left hind limb was able to move, but the rats' gait was not concordant. As time progressed, muscle atrophy worsened: at 10 weeks, the atrophy was mild. Foot ulcers were not found, but foot swelling developed. The rats did not vocalize in response to pricking with a needle, but they stretched their legs. In the sciatic nerve transection group, the left hind limb was unable to move, and the rats were lame. As time progressed, muscle atrophy worsened: at 10 weeks, the atrophy was severe. From the third week, foot ulcers and autotomy gradually increased compared with the ventral root transection group. The rats did not vocalize or escape in response to pricking with a needle. However, the right hind limbs of all rats exhibited normal movement, with normal muscle and concordant gait, and no muscle atrophy. They vocalized and escaped the pricking with a needle on the right side.

Gastrocnemius muscle wet weight decreased in rats with motor nerve or/and sensory nerve injury {#sec2-3}
----------------------------------------------------------------------------------------------

The residual muscle rate gradually decreased with increasing denervation time, and was greatest in the dorsal root transection group, followed by the ventral root transection group, and then the sciatic nerve transection group (*P* \< 0.01; [Table 1](#T1){ref-type="table"}). The denervated gastrocnemius muscle progressively atrophied after nerve injury ([Figure 1](#F1){ref-type="fig"}).

###### 

Residual muscle rate of rat gastrocnemius muscle
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![Gross morphology of rat gastrocnemius muscle atrophy.\
The denervated gastrocnemius muscle progressively atrophied after nerve injury. The ventral root transection group exhibited moderate muscle atrophy, the dorsal root transection group exhibited mild muscle atrophy and the sciatic nerve transection group exhibited severe muscle atrophy.](NRR-7-2507-g002){#F1}

Gastrocnemius muscle cell diameter and cross-sectional area decreased in rats with motor nerve or/and sensory nerve injury {#sec2-4}
--------------------------------------------------------------------------------------------------------------------------

The gastrocnemius muscle cell diameter and cross-sectional area progressively decreased in rats with nerve injury ([Figure 2](#F2){ref-type="fig"}). Moreover, the cell diameter and cross-sectional area were smallest in the sciatic nerve transection group, and largest in the dorsal root transection group (*P* \< 0.05 or *P* \< 0.01; [Table 2](#T2){ref-type="table"}).

![Morphology of rat gastrocnemius muscle (hematoxylin-eosin staining, light microscope, × 100).\
The size of gastrocnemius muscle cells gradually diminished in all rats after injury and reached the minimal value after 10 weeks in the sciatic nerve transection group.\
The cell diameter and cross-section area were the largest in the dorsal root transection group.](NRR-7-2507-g003){#F2}

###### 

Cross-sectional area (μm^2^) and cell diameter (μm) of gastrocnemius muscle cells
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Ultrastructure of gastrocnemius muscle cells in rats with motor nerve or/and sensory nerve injury {#sec2-5}
-------------------------------------------------------------------------------------------------

The ultrastructure of the gastrocnemius muscle cells exhibited similar changes in each group of rats after nerve injury. With prolonged injury time, mitochondrial swelling, disorderly myofilaments and sarcomeres, shortened cristae, expanded sarcoplasmic reticulum, reduced glycogen granules, and enlarged nuclei were observed. In addition, myofilaments and sarcomeres broke, fused or disappeared, and mitochondria became vacuolated. The number of gastrocnemius muscle satellite cells increased in all rats, reached its peak value at 4 weeks, and gradually decreased thereafter. The number of muscle satellite cells was lowest in the sciatic nerve transection group, and highest in the dorsal root transection group ([Figure 3](#F3){ref-type="fig"}).

![Morphology of the rat gastrocnemius muscle (uranyl acetate-lead citrate staining, light microscope, × 8 000; blue arrow, muscle cell nuclei; red arrow, muscle satellite cell nuclei).\
The ultrastructure of the gastrocnemius muscle cells exhibited similar changes in the three groups after nerve injury. With prolonged injury time, mitochondrial swelling, disorderly myofilaments and sarcomeres, shortened cristae, expanded sarcoplasmic reticulum, reduced glycogen granules, and enlarged nuclei were observed. In addition, myofilaments and sarcomeres broke, fused or disappeared, and mitochondria became vacuolated.](NRR-7-2507-g005){#F3}

Cross-sectional area and gray scale of the motor endplate of the gastrocnemius muscle in rats with motor nerve or/and sensory nerve injury {#sec2-6}
------------------------------------------------------------------------------------------------------------------------------------------

With prolonged denervation time, the changes in motor endplate cross-sectional area and gray scale were similar in the ventral and dorsal root transection groups. The motor end plate cross-sectional area gradually decreased, but the mean gray scale gradually increased (*P* \< 0.01, motor end plate cross-sectional area and gray-scale at 10 weeks *vs.* those at 2 and 4 weeks), but no changes were evident in the sciatic nerve transection group ([Figure 4](#F4){ref-type="fig"}). Moreover, the motor end plate cross-sectional area and gray scale were similar among the three groups (*P* \> 0.05), but the motor endplate cross-sectional area gradually decreased (*P* \< 0.01) and the mean gray scale gradually increased (*P* \< 0.01) up to 10 weeks in the ventral root transection and the sciatic nerve transection groups compared with the control side ([Table 3](#T3){ref-type="table"}).

![Rat gastrocnemius muscle motor end plate (acetylcholine esterase staining, light microscope, × 100).\
With prolonged denervation time, the changes in motor end-plate cross-sectional area and gray scale were similar in the ventral and dorsal root transection groups, *i.e.* the motor end-plate cross-sectional area gradually decreased, but the mean gray scale gradually increased, but these changes were not evident in the sciatic nerve transection group.](NRR-7-2507-g006){#F4}
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Rat gastrocnemius muscle motor end plate cross-sectional area (μm^2^) and gray scale
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DISCUSSION {#sec1-3}
==========

The present study established an animal model of simple motor nerve or sensory nerve injury by exposing and dissecting the ventral and dorsal root at L4-6 through the posterior intervertebral foramen. In the vertebral canal, the ventral root comprises motor fibers from the ventral horn of the spinal cord, and the dorsal root comprises sensory fibers from the spinal dorsal horn, both of which are independent and do not overlap. This method can prevent injury to the spinal cord and adjacent nerve roots, ensuring the stability and reliability of the experimental model. Moreover, it is simple and the sample is easily available. With increasing clinical simple motor nerve or sensory nerve injury-induced diseases, such as the sequellae of poliomyelitis, muscular dystrophy, syringomyelia and Guillain-Barré syndrome, this model can provide an ideal animal model for studies of skeletal muscle regeneration and repair with a view toward future clinical treatments\[[@ref16]\].

In the present study, as the observation time increased, muscle atrophy worsened in the ventral root transection group, accompanied by foot ulcers and autotomy; the left hind leg developed a moderate degree of atrophy up to 10 weeks. In the sciatic nerve transection group, the foot ulcers and autotomy were more serious compared with the ventral root transection group, and the atrophy developed to a severe degree up to 10 weeks. However, in the dorsal root transection group, the muscle atrophy and foot ulcers were mild, although foot swelling was observed. The wet weight of the denervated gastrocnemius, the muscle cell diameter and cross-sectional area were progressively reduced in all groups. At the same time point, the wet weight of the gastrocnemius muscle, the muscle cell diameter and cross-sectional area were smallest in the sciatic nerve transection group, greater in the ventral root transection group and greatest in the dorsal root transection group.

Results from the present study support the idea that nerves are critical for the nutrition of dominant skeletal muscle\[[@ref17]\]. After simple motor nerve or sensory nerve injury, uninjured sensory nerves or motor nerves can provide a necessary nutritional environment for the target organ, the skeletal muscle, to delay muscle atrophy\[[@ref18][@ref19]\]. In addition, there are differences in the nutritional support of skeletal muscle by motor and sensory nerves. The motor nerves play a dominant role in the nutrition of skeletal muscle, exhibiting great physiological influence and important regulatory effects, while sensory nerves are not as important. Thus, after motor nerve injury or disease, the progression of disease is relatively fast compared with that after sensory nerve injury.

A previous study showed that the normal morphology and structure of muscle cells are maintained by neurotrophic factors, and that nutritional disturbance of skeletal muscle cells is the most evident change after denervation\[[@ref20]\]. In the present study, the ultrastructure of the gastrocnemius muscle cells exhibited similar changes to those observed in other muscle cells after denervation. With prolonged injury time, mitochondrial swelling, disorderly myofilaments and sarcomeres, shortened cristae, expanded sarcoplasmic reticulum, reduced glycogen granules, and enlarged nuclei were observed. At the same time point, those changes were most evident in the sciatic nerve transection group, followed by the ventral root transection group, and then the dorsal root transection group. This directly shows the nutritional effects of motor nerves on skeletal muscle cells, as well as the harmful effects of nerve injury on skeletal muscle cells. In addition, the number of gastrocnemius muscle satellite cells increased from the second week after denervation, reached a peak value at 4 weeks, and significantly decreased at 10 weeks. The satellite cells are multipotent muscle-derived stem cells. They can differentiate into myoblasts in the presence of a specific microenvironment and regulatory factors, participating in regeneration and repair of skeletal muscle\[[@ref21][@ref22][@ref23]\]. However, the mechanism of differentiation remains uncertain. We presume that the early increase in muscle satellite cells may be associated with stimulatory compensation after denervation\[[@ref24]\], but they gradually die during long-term denervation and are not able to regenerate, resulting in a reduction of the number of muscle satellite cells\[[@ref25][@ref26]\].

The motor end plate is an effector formed from the motor neuron axonal terminal and the skeletal muscle fiber, distributing signals to the skeletal muscle to control myofibrillar contraction. Cholinergic nerves and nerve impulses can only transmit the neurotransmitter acetylcholine to the muscle through the motor end plate, to induce muscle contraction. Acetylcholinesterase has specific effects on the hydrolysis of acetylcholine and mainly exists in the motor end plate\[[@ref27][@ref28]\]. The normal structure and function of the motor end plate is maintained by a complete connection with neurons\[[@ref29]\].

Studies have shown that the motor end plate area and acetylcholinesterase content can reflect the function of the motor neuron and the degeneration of the motor end plate after denervation\[[@ref30][@ref31]\]. In the present study, with prolonged denervation, the motor end plate area was gradually reduced and the mean gray scale increased in the ventral root transection and sciatic nerve transection groups, but remained unchaged in the dorsal root transection group. There were no significant differences in motor end plate area and gray scale after 4 weeks between the three injury groups and the control side. At 10 weeks after motor nerve injury in rats, the motor end plate area diminished and the gray scale increased, indicating that sensory nerve injury cannot induce obvious manifestations of motor end plate atrophy and does not protect the motor end plate, but that motor nerve injury induces motor end plate atrophy. The atrophy of the motor end plate is slower than the morphological changes in skeletal muscle, possibly benefiting from reversibility and nerve regeneration after skeletal muscle atrophy\[[@ref32]\].

In conclusion, skeletal muscle function and activity depend on intact innervation. The nutritional effects of motor and sensory nerves are different. Motor nerves exhibit stronger nutritional support. Therefore, it is important to pay attention to the protection and reconstruction of motor nerves during skeletal muscle regeneration and repair, and especially to the re-innervation of motor nerves.

MATERIALS AND METHODS {#sec1-4}
=====================

Design {#sec2-7}
------

A randomized, controlled animal study.

Time and setting {#sec2-8}
----------------

The experiment was performed at the Laboratory of Morphology, Nantong University and the Laboratory of the Department of Orthopedics, at the Third Affiliated Hospital of Nantong University, China between July 2007 and July 2010.

Materials {#sec2-9}
---------

A total of 54 Sprague-Dawley rats of either gender, aged 10--12 weeks, were provided by the Laboratory Animal Center of Nantong University (permission No. SCXK (Su) 2007-0021). All rats were housed with a 12 hour light-dark cycle at 22 ± 2°C and 45--55% humidity. Experimental procedures were performed in accordance with the *Guidance Suggestions for the Care and Use of Laboratory Animals*, formulated by the Ministry of Science and Technology of China\[[@ref35]\].

Methods {#sec2-10}
-------

### Establishment of animal models {#sec3-1}

According to a method described previously\[[@ref34][@ref35]\], rat models of motor nerve and/or sensory nerve injury were established. The rats were weighed, followed by anesthesia by intraperitoneal injection of the anesthetic compound chlorpent (0.2 mL/100 g of a solution containing 4.25 g/mL chloral hydrate, 2.12 g/mL magnesium sulfate, 0.88 g/mL pentobarbital sodium, 14.25 mL absolute alcohol, 33.80 mL 1,2-propylene glycol, and 51.95 mL double distilled water per 100 mL). The rats were placed in a prone position and subjected to shaving, disinfection and draping.

Ventral root transection: A longitudinal medial incision was made at L~3~--S~1~ to expose the left lumbar vertebra from the posterior view, and the L~4--6~ nerve root was exposed following the removal of articular processes and a section of the vertebral plate (supplementary [Figure 1](#F1){ref-type="fig"} online). A 1 cm length of the ventral spinal nerve root was transected.

Dorsal root transection: a 1 cm length of the left L~4--6~ dorsal spinal nerve root was transected.

Sciatic nerve transection: An arc-shaped incision was made on the posterior lateral side of the left leg to expose the sciatic nerve stem 5 mm inferior to the border of the piriformis muscle. A 1 cm length of sciatic nerve was excised, and the two stumps were separately turned by 180° and fixed to the sarcolemma of the gluteus and the biceps femoris, to prevent natural growth between nerves.

The right leg gastrocnemius muscle of each rat was not treated and was used as a control.

### Observation of rat behaviors {#sec3-2}

Left posterior limb appearance, movement and coordination were observed 2, 4 and 10 weeks after nerve injury. Bilateral posterior limb responses to puncture (pricking with a needle to a depth of 5 mm) were observed to evaluate nerve reaction.

### Gastrocnemius muscle wet weight changes {#sec3-3}

After anesthesia, the gastrocnemius muscle from the median and lateral condyles of the femur to the calcaneal tuberosity was harvested from both legs and the wet weight (accuracy, 1/100 000 g) was weighed on a Mettler Toledo AB204-S electronic balance (Bern, Switzerland). The wet weight changes are represented as the residual muscle rate, calculated as follows: denervated gastrocnemius muscle wet weight/control gastrocnemius muscle wet weight.

### Measurement of gastrocnemius muscle cell diameter and cross-sectional area {#sec3-4}

The middle-inferior muscle tissues of the gastrocnemius muscle from both sides were harvested 2, 4 and 10 weeks after nerve injury and prepared as 10 μm thick frozen sections. Following hematoxylin-eosin staining, the sections were observed under a light microscope (B204 Olympus, Tokyo, Japan) and muscle fiber equivalent circle diameter and cross-sectional area were analyzed by an imaging analyzer (Jiangsu Jeda Science-Technology Development, Jiangsu, China). Six areas were selected from each sample, and six nonoverlapping low-power fields were randomly selected from each plane (objective magnification, 10 ×, unit pixel length 0.659 3 microns/pixel). Photos were collected using an Eikon Eclipse E2000 digital camera (Olympus) and analyzed using a morphology imaging analysis system (HPIAS-1000 high definition color pathology report analysis system, Qingping Imaging, Tongji Hospital of Huazhong University of Science and Technology, Wuhan, China). The corresponding values of each muscle fiber in the field of view were measured, and the mean values were used as the equivalent cell diameter and cross-sectional area of the sample.

### Measurement of gastrocnemius muscle cell ultrastructure using a transmission electron microscope {#sec3-5}

The middle-inferior tissues of the gastrocnemius muscle were harvested and chopped into 1 mm^3^ blocks after removing the connective tissues. 4--6 tissue blocks from each sample were fixed successively in 2.5% glutaraldehyde and 1% osmic acid for 2 hours, dehydrated in gradient ethanol and acetone, embedded in epoxy resin Epon618, sliced, and stained with uranyl acetate-lead citrate. Cell ultrastructure of skeletal muscle after denervation was observed using a transmission electron microscope (JEOL-100S; JEOL, Tokyo, Japan).

### Observation of the gastrocnemius muscle motor end plate {#sec3-6}

The middle-inferior part of the gastrocnemius muscle tissue was fixed in 4% paraformaldehyde (pH 7.2) at 4°C overnight and subsequently transferred to 20% and 30% sucrose (pH 7.2). Following subsidence of the tissue blocks, the gastrocnemius muscle was frozen and successively cut into 15-μm thick sections at transverse and longitudinal planes, attached to 10% polylysine-precoated slides, dried at room temperature, and stained for acetylcholinesterase^38^. Finally, the cross-sectional area and the mean gray-scale of the gastrocnemius muscle motor end plate were measured using a light microscope and an imaging analyzer. Six areas were selected from each sample, and six non-overlapping low-power fields were randomly selected from each plane (objective magnification, 40 ×, unit pixel length 0.161 3 microns/pixel). Photos were collected using an Eikon Eclipse E2000 digital camera and analyzed using a morphology imaging analysis system. The corresponding values of each motor end plate in the field of view were measured, and the mean values were used as the cross-sectional area and mean gray scale of the sample.

### Statistical analysis {#sec3-7}

All measurement data were statistically processed using Stata 7.0 software (Stata, College Station, TX, USA) and were expressed as mean ± SD. One-way analysis of variance and independent two-sample *t*-tests were used. A level of *P* \< 0.05 was considered statistically significant.
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